Introduction
Although the term 'oncolytic virus' was first described early in the 20th century, it was not until last decade that the genetic mechanisms to achieve/improve tumor selectivity were first described (Kirn et al., 2001) . The first engineered replication-selective virus was published in 1991; Martuza et al. (1991) described a HSV mutant with deletion in the thymidine kinase (tk) gene that replicates specifically in dividing tumor cells. The first replication-selective adenovirus dl1520 (also known as Onyx-015) had a deletion in the E1B-55K gene and at least partially targeted the p53 pathway that is frequently abnormal in cancers (Barker and Berk, 1987; Bischoff et al., 1996) . The development of dl1520 was based on our understanding of tumor biology and virology that the replication of DNA viruses and the carcinogenesis involve inactivating similar cellular defense mechanisms (Kirn, 2000) . This led to the subsequent discovery of an adenoviral mutant with deletion in the E1A-CR2 region (dl922-947), which achieved tumor selectivity by targeting Rb pathway defects present in almost all cancer cells (Heise et al., 2000) . However, clinical trials with dl1520 to date show limited efficacy when used as a single agent despite selectivity (Kirn, 2001a) .
Other approaches include the use of transcriptional control by placing essential immediate early viral genes under the control of tumor-and/or tissue-specific promoter/enhancer elements (Kirn et al., 2001) , the use of inherently tumor-selective viruses (e.g. Reovirus, NDV, VSV, etc.), and engineering ligands for tumorselective receptors into the virus coat (Coffey et al., 1998; Lorence et al., 1988; Stojdl et al., 2000; Wickham, 2003) . These are interesting approaches and are subject to extensive reviews elsewhere (Kirn, 2000; Wickham, 2003) .
As mentioned above, the currently utilized gene deletions conferring selectivity also frequently result in significantly reduced potency of the virus in tumors due to the multifunctional nature of many viral proteins. The deletion mutant dl1520 showed an overall response rate of 14% in patients with refractory locally recurrent head and neck cancers when given as a single agent by intratumoral injection. Similar results have been reported with gene-deleted herpes viruses (e.g. G207, 1716) in Phase I trials. Therefore, new approaches targeting ubiquitous tumor-specific pathways that can enhance the potency and efficacy while maintaining (or improving) the selectivity are eagerly awaited. This will presumably require identification of viral gene mutations resulting in selectivity but not attenuation in cancer cells.
Apoptosis: ubiquitously inhibited in cancer cells
Apoptosis, or 'programmed cell death', is a form of cellular suicide that is widely observed in nature. This process can be triggered by a variety of stimuli, including cytokines, hormones, viruses, mutagenic chemicals, or irradiation. Apoptosis can be induced by two different mechanisms, namely the mitochondrial (intrinsic) signaling pathway and the death-receptor (extrinsic) signaling pathway (Hengartner, 2000) . The mitochondrial pathway, activated via a variety of intracellular stresses, including cytokine deprivation, serum starvation, UV and g-irradiation, oncogenic stimuli such as c-MYC overexpression, is triggered by proapoptotic members of the Bcl-2 family, initially by a subset of these called the 'BH3-only subfamily' proteins because they possess only one of the Bcl-2 homology (BH) domains. These include Bid, Bim, Harikari, Noxa, and a number of others. In response to environmental cues, these proteins engage another set of proapoptotic Bcl-2 members, the Bax subfamily (which includes Bax, Bak, and Bok), loosely residing on the mitochondrial outer membranes or in the cytosol. The interaction causes the latter to oligomerize and insert into the mitochondrial membrane. Here the complex acts to trigger the sudden and complete release of cytochrome c and other proteins from all of the mitochondria in the cell (Green and Reed, 1998) .
The released cytochrome c binds to Apaf-1, a cytosolic protein . This induces Apaf-1 oligomerization, and the Apaf-1 'apoptosome' recruits and activates procaspase-9. The active caspase-9 now recruits and activates the effector procaspase-3. Bcl-2 and Bcl-xL (and probably other antiapoptotic members of this family) block cell death by preventing the mitochondrial release of the intermembrane proteins, including cytochrome c (Yang et al., 1997) . Once the process has achieved the mitochondrial step, these antiapoptotic proteins have no effect.
In mammals, Bcl-2 has at least 20 relatives, all of which share at least one conserved BH domain. The antiapoptotic branch includes four other proteins: BclxL, Bcl-w, Mcl-1, and A1. These proteins function by binding to Apaf-1 and thereby preventing cytochrome c release and procaspase-9 activation. There are two groups of Bcl-2 proteins that promote apoptosis: the Bax and the BH3-only families. Both types of proapoptotic protein are required to initiate apoptosis: the BH3-only proteins act as damage sensors and direct antagonists of the prosurvival proteins, whereas the Bax-like proteins act further downstream in mitochondrial disruption (Huang and Strasser, 2000) .
Apoptosis can also be triggered from outside of the cell, generally following cell-cell contact, by a family of transmembrane proteins -called death receptorswhich belong to the tumor necrosis factor (TNF) family of receptors. For Fas (CD95; Apo 1) and TNF signaling, the two most well-studied pathways, the engagement of cognate ligands of the TNF superfamily members (e.g. TNF-a, FasL, TRAIL, etc.) induces oligomerization of their respective death receptors (TNFR, Fas, TRAIL-R, etc.). In the case of TNF signaling, the resulting aggregated TNFR1 intracellular domain is recognized by the adaptor protein TRADD (TNF receptor-associated death domain), which recruits additional adaptor proteins RIP (receptor-interacting protein), TRAF2 (TNF-R-associated factor 2), and FADD (Fas-associated death domain). FADD is composed of an amino terminal death effector domain (DED) and a carboxyl terminal death domain (DD). These adaptor proteins recruit key enzymes to TNF-R1 that are responsible for initiating signaling events: TRAF2 recruits cIAP-1 (cellular inhibitor of apoptosis protein-1) and cIAP-2, two antiapoptosis proteins that also have ubiquitin protein ligase activity. TRAF-2 also activates MAP kinase and leads to activation of c-Jun (Liu et al., 1996) . FADD recruits the upstream DEDcontaining procaspase-8 to the receptor via homophilic DED-DED interactions. DED is a specific example of a more global homophilic interaction domain termed CARD (caspase recruitment domain), which is found in several caspases with large prodomains, including caspases-2, -8, -9, and -10 (Hofmann et al., 1997) . Procaspase-8 within this newly formed death-inducing signalling complex (DISC; composed of death ligands, death receptors, FADD, TRADD, and Procaspase-8 or -10) then proteolytically autocleaves itself to the active form and initiates apoptosis by subsequent cleavage of downstream effector caspases (caspase-3, -6, and -7) (Hirata et al., 1998) .
However, the intrinsic and extrinsic apoptosis signaling pathways do not necessarily function individually and independently. Crosstalk between the two pathways is common and can ensure that the apoptosis process is carried out efficiently (Roth and Reed, 2002) . For instance, the activation of caspase-8 or -10 through the extrinsic pathway can cleave Bid (a proapoptotic member of the Bcl2 family). Truncated Bid (tBid) then translocates to mitochondria, where it induces conformational changes of Bax and Bak with subsequent oligomerization and formation of pores in the membrane, causing the release of cytochrome c and Smac/ DIABLO, activating caspase-9 and -3. This amplifies apoptosis induction through the extrinsic pathway. In contrast, DNA damage can induce transcriptional upregulation of some death receptors, such as Fas and death receptor 5 (DR5), through p53-dependent as well as p53-independent mechanisms (Ozoren and El-Deiry, 2003) . This upregulation increases cellular sensitivity to death receptor ligands. Thus, crosstalk exists between the intrinsic and extrinsic apoptosis signaling pathways. A simplified summary of the intrinsic and extrinsic pathways of apoptosis is shown in Figure 1 .
Cancer cells are well known to have dysregulated apoptosis pathways. Disruption of the intrinsic apoptosis pathway is extremely common in cancer cells. Indeed, the p53 tumor suppressor gene is the most frequent mutated gene in human tumors, and loss of p53 function can both disable apoptosis and accelerate tumor development in knockout mice (Vogelstein et al., 2000) . Moreover, functional mutations or altered expression of p53 downstream effectors (PTEN, Bax, Bak, and Apaf-1), or upstream regulators (ATM, Chk2, Mdm2, and p14 ARF ), occur in human tumors (Rampino et al., 1997; Di Cristofano and Pandolfi, 2000; Johnstone et al., 2002) .
Given the importance of Bcl-2 family members in regulating the intrinsic apoptosis pathway, it is not surprising that these genes are altered in tumor samples (Coultas and Strasser, 2003) . Overexpression of Bcl-2, for example, occurs in low-grade follicular lymphomas due to the chromosome 14 : 18 translocation. Bcl-2 overexpression also occurs in the majority of nonsmall-cell lung carcinoma, colon and breast cancers. Conversely, proapoptotic Bcl-2 proteins are inactivated in certain cancers and disruption of these genes also promotes tumorigenesis in mice. In addition, other mechanisms are also involved in apoptosis pathway dysfunction in cancer cells. Amplified Akt and mutated PTEN have been found with high frequency in a variety of solid cancers, indicating the importance of this pathway in regulating tumorigenesis (Di Cristofano and Pandolfi, 2000) .
Alterations that disrupt apoptosis downstream of the mitochondria have also been reported. For instance, silencing of Apaf-1 occurs in metastatic melanoma (Soengas et al., 2001) , and overexpression of IAP family proteins, such as survivin or cIAP, is also common (Deveraux and Reed, 1999) . Mutations or absence of nuclear translocation of certain caspases have also been demonstrated in several cancer cells. This implies that downstream defects in apoptosis contribute to oncogenesis.
Finally, defects in the death receptor apoptosis pathway also contribute to tumorigenesis. Tumor cells are often resistant to death-receptor-mediated apoptosis, and mutations in Fas, TRAIL receptors, and downstream signaling pathways do occur in cancers (Ozoren and El-Deiry, 2003) . Autoimmune lymphoproliferative syndrome (ALPS) is caused by germline mutations in CD95, resulting in inappropriate survival of activated T lymphocytes (Canale and Smith, 1967) . ALPS patients have an increased incidence of lymphoma, possibly due to the expanded population of apoptosis-resistant T cells which can sustain further transforming mutations.
Escape from immune surveillance is important in solid tumors and non-T-cell leukemias. While cytotoxic lymphocytes predominantly kill tumor cells via the granule exocytosis pathway, FasL and TRAIL are also utilized. Thus, inactivation of the death receptor pathway could allow escape from immune surveillance and provide a survival advantage to developing tumor cells. In fact, loss of FasL or TRAIL function can promote tumor growth and metastasis (Hahne et al., 1996) . 
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Thus, apoptosis is regulated at many levels, including the initiation, transduction, amplification, and execution stages, and mutations that disrupt each of these stages have been detected in tumor cells. It is therefore believed that apoptosis pathways are dysregulated in virtually all human cancers. Table 1 lists examples of genetic blocks to cancer apoptosis pathways and the major associated cancer types.
Virus infection and apoptosis
In the course of a natural viral infection, viral particles or viral gene expression can also induce apoptosis, thereby limiting infection to the infected cells and preventing further viral replication and spread. However, viruses have evolved several strategies to block apoptosis of infected cells to promote viral replication (as described below). Since tumor cells have multiple blocks in the apoptosis pathways while those pathways in normal cells are intact, deleting viral antiapoptotic genes can, theoretically, render infected normal cells more susceptibility to apoptosis stimuli (thereby limiting toxicity), while the apoptosis induction in infected tumor cells will be minimally affected, thereby allowing the viral replication and oncolysis to proceed. Thus, viruses with deletions in antiapoptotic genes can be used as tumor-selective oncolytic agents. This is summarized in Figure 2 . The antiapoptotic genes utilized by oncolytic viruses currently in development are summarized in Table 2 and Figure 1 .
Viral mutants that interfere with the TNF signaling pathway
As described above, members of the TNF superfamily (CD95/FasL, TNF, TRAIL, etc.) play a major role in apoptosis induction in virus-infected cells. In the case of TNF-a, it is secreted by macrophages and natural killer (NK) cells upon infection. It engages the TNF receptors (TNFRs) on cellular surface and ignites the apoptosis process. This limits the infection and is one of the major mechanisms the host immune system utilized for virus clearance. Adenovirus evolved several genes to antagonize this process (Burgert et al., 2002) . Adenoviral E1B-19kD blocks TNF-mediated apoptosis mainly by binding to Bax and Bak, both of which belong to proapoptotic Bcl-2 family. The E1B-19kD (À) mutants first recognized by their ability to produce large plaques (lp phenotype), were cytocidal (cyt phenotype), and can induce host and viral DNA degradation (deg phenotype) (Chinnadurai et al., 1979) . This efficient apoptosis induction was correlated with a reduced viral yield in certain cell lines (Chinnadurai et al., 1979; White et al., 1984) . However, we and others have demonstrated that an adenoviral mutant with deletion in E1B-19kD gene has superior replication in a panel of cancer cells of different origin (Telling et al., 1994; Sauthoff et al., 2000; Kim et al., 2002; Liu et al., 2004) . Although the exact mechanisms of the conflict is unclear, it is likely that a certain degree of cell-type specificity exists; in addition, it is possible that the cell lines used in previous works -most of them HPV-contaminants -might have been affected by the HPV sequence integrated. On the other hand, normal primary cells infected with E1B-19kD mutant also showed an enhanced viral replication. However, when infected cells were treated with TNF-a, no significant change of cytotoxicity or viral yield was observed in cancer cells. In contrast, the viral yield of E1B-19kD mutant was significantly reduced in normal primary cells after TNF treatment. This was correlated with a significant increase in apoptotic cell proportion (not observed in tumor cells even after TNF-a treatment). In vivo in immunocompetent tumor-bearing mice, systemic delivery of the mutant virus results in acute apoptosis induction in livers, which limits further viral replication and spread, while viral replication in tumors was not affected. Surprisingly, despite the acute apoptosis induction in livers, no animal death was found to be due to irreversible liver damage even at doses up to 10 13 viral particles per injection . Of note, E1B-19kD also plays a role in limiting premature cell killing and viral spread (Chinnadurai, 1998) . This independent property results in enhanced spread of the deletion mutant virus. TNF-a reduces viral spread in normal primary cells but not in tumor cells. Thus, adenoviral E1B-19kD mutants possess TNFmediated tumor selectivity.
Apart from E1B-19kD, several other adenoviral genes are capable of blocking TNF-induced cell death. Adenoviral E3B contains receptor internalization and degradation (RID) complex and E3-14.7, both of which have important functions in immunomodulation (Burgert et al., 2002) . The RID complex, composed of RIDa (10.4 kDa) and RIDb (14.5 kDa), localizes to the plasma membrane and intracellular vesicles. RID complex can internalize and degrade TNFR, RID as well as blocking TNF-mediated arachidonic acid release and cytosolic phospholipase A2 activation (Krajcsi et al., 1996) . RID has also been shown to antagonize apoptosis signaling from FasL and TRAIL as well as downregulating EGFR (Tollefson et al., 2001) . E3-14.7kD binds to FIP (14.7 kDa interacting protein) family members to block TNF signaling, and it also inhibits arachidonic acid release.
As E3 genes have long been thought to be nonessential for viral replication, they are often deleted in Viruses with deletions in antiapoptotic genes T-C Liu and D Kirn both replication-deficient adenoviral vectors as well as replication-competent adenoviruses. Therefore, it is important to determine the impact of deleting these anitapoptotic genes in the context of gene therapy vector. We have tested one of these mutants with deletion in E3B (RID and E3-14.7kD). As predicted, the mutant showed TNF-mediated tumor selectivity in vitro, as seen with the E1B-19kD mutant. When administered intravenously to immunocompetent tumor-bearing mice, however, the persistence of the virus was decreased, both in tumor and normal tissues Liu et al., 2004) . Changing the administration route to intratumoral injection did not prolong the viral persistence in tumors. This was associated with significantly higher TNF-a expression. Therefore, E3B deletion enhances the selectivity, but at the same time decreases the persistence of the virus in vivo. It is unknown why E3B deletion and E1B-19kD deletion showed difference in persistence in vivo, but one possibility is that the RID complex and E3-14.7kD play a more important role than E1B-19kD in protecting infected tumor cells from TNF-mediated cell death/viral clearance in vivo. It is also possible that there are other unknown mechanisms of these genes. Of note, the fact that E3B-deleted virus was cleared more efficiently from the host may contribute to the low efficiency with the oncolytic adenoviruses in current clinical trials (Kirn, 2001a) . Deleting both E1B-19kD and E3B was relatively antagonistic. The double-deleted mutant showed reduced replication and cytopathic effects in normal cells in vitro and normal tissues in vivo; however, the replication/spread in tumors was intermediate between the two single deletion mutants. Among the three mutants, only the E1B-19kD mutant achieved a significant improvement in efficacy in animal model (Liu et al., in press) .
Since tumor cells tend to have more blocks in intrinsic apoptosis pathway than in extrinsic pathway, deleting viral genes that target the intrinsic pathway (e.g. E1B-19kD) might be optimal compared with those extrinsic pathway inhibitors (e.g. E3B). It will be interesting to see if this applies to other virus species as well.
Another E3 gene, E3-6.7kD, was recently shown to complex with RID to internalize TRAIL-R1, R2 and block TRAIL-induced apoptosis (Moise et al., 2002) . Given the fact that TRAIL can selectively induces apoptosis in tumor cells, the above-mentioned adenoviral genes are excellent candidates for deletion to render more tumor-selective cell killing. However, the impact of deleting a single versus more than one of these genes needs to be studied to improve efficacy.
In terms of other currently available oncolytic virus species, vaccinia is another virus species that evolved anti-TNF mechanisms. Vaccinia virus encodes viral TNF receptors (vTNFRs) that resemble secreted versions of the extracellular domains of TNFRs and form functional oligomers that bind and sequester TNF (Alcami et al., 1999) . Although the expression and activity of these vTNFRs varies greatly with different viral strains, at least three vaccinia virus strains have been shown to contain both soluble and cell-associated TNF-binding activities. It will therefore be interesting to test if vaccinia viruses with deletions in these genes can achieve TNF-mediated selectivity as seen with the adenoviral mutants described above.
Viral mutants interfering with the intrinsic apoptosis pathway
As mentioned earlier, adenovirus E1B-19kD is a functional homolog cellular Bcl-2 (Chiou et al., 1994) . A region of limited sequence homology (BH domain) has been identified between Bcl-2 and E1B-19kD. It has been shown that the capacity of adenovirus E1A to transform a cell relies on the expression of E1B-19kD (White and Cipriani, 1990) . This is believed to be due to the apoptosis induction mediated by E1A, which requires a contemporary expression of E1B-19kD to antagonize the process. Some of the functions of E1B-19kD have been demonstrated to be complemented by cellular Bcl-2 overexpression, further supporting the notion that E1B-19kD functions as an antagonist in mitochondrial apoptosis pathway.
There are several levels where the interplay between the E1B-19kD protein and mitochondrial death signal propagation takes place. First, E1B-19kD can prevent Bak oligomerization and pore formation as well as Bakdependent Bax activation co-oligomerization and pore formation by direct binding to Bak. Second, by binding to Bax, E1B-19kD can prevent not only Bak-dependent Bax activation but also Bax activation through other mechanisms. Third, by binding to Bax, E1B-19kD may play a direct role in inhibiting Bax oligomerization. The phenotype of the E1B-19kD mutant adenovirus has been described above, although it remains interesting to explore the interaction of this mutant and cancer cells with defects in the mitochondrial pathway.
Virus encoded Bcl-2 homologs have also been reported for g-1 herpes virus (EBV) and g-2 herpes virus (HHV-8 and herpesvirus saimiri) (Tarodi et al., 1994; Cheng et al., 1997; Nava et al., 1997) . However, there is no report on v-Bcl-2 in a herpes virus (HSV-1) or other viral species being used for oncolytic purposes.
Viral mutants that interfere with the p53 pathway
Adenoviral E1B-55kD has been shown to block p53-induced apoptosis by direct binding to p53, thereby blocking its transcriptional activation. Since p53 is mutated in the majority of the human cancers, the mutant virus dl1520 was thought to be selective for cancer treatment. Indeed, in the original report testing dl1520 for oncolytic purposes, the status of cellular p53 was well documented; cancer cells with mutant p53 showed higher susceptibility and cytotoxicity to dl1520 than their p53 normal counterpart (Bischoff et al., 1996) . When tested in patients in clinical trials there was also a good correlation between response rate and mutant p53 gene sequences within head and neck cancers. Patients with mutant p53 within their tumor sample were more likely to respond to dl1520 (Kirn, 2001b) . Thus, dl1520 was the first biologic agent described to preferentially target cancers with p53 deficiency. However, two problems arose: first of all, as E1B-55kD protein not only binds to p53 but also possesses other functions such as mediating viral transport and host protein synthesis shut-off, the deletion of this gene attenuated the virus. Viral yield was significantly reduced compared to control virus dl309, even in many p53-mutated cell lines. In addition, subsequent research also pointed out that the status of p53 was not the sole determinant of selectivity. Cell cycle status, as well as CAR and other cellular factors, play significant roles in determining the selectivity of this virus. As expected, the status of one of the proteins in the p53 induction pathway, p14 ARF , was shown to be critical as well (Ries et al., 2000) ; deletion led to p53 deficiency and a minor increase in virus replication. Therefore, one argues that the function of the whole p53 pathway, rather than specific mutations of one or two key components, might be one of the determining factors for tumor selectivity. Of note, efforts have been made to improve the potency of dl1520 while preserving its selectivity. Shen et al. (2001) described the use of a single amino-acid mutation in isolating an E1B-55kD mutant that did not bind to p53, but partially retained the late function of E1B-55kD. Such a mutant virus should theoretically have enhanced potency and efficacy over the original dl1520.
Apart from E1B-55kD, adenoviral E4orf6 has been shown to play a role in downregulating p53. The E4orf6 protein binds to and form complex with both E1B-55kD and p53, and the complex formation facilitates p53 destabilization (Leppard and Everett, 1999) . E4orf6 also interacts with several other viral proteins, some of which identified. However, to date, there is no report on adenoviral mutants with E4orf6 deletion targeting cancers with dysfunctioned p53 pathway.
Viral mutants interfering with the IFN/PKR pathway
Antiviral cytokine interferon (IFN) has been a frequent target for a panel of viral genes to evade immune surveillance. There are two types of interferons: type I IFNs include IFN-a, IFN-b, IFN-o, and IFN-t, while type II IFN is IFN-g. Type I IFNs are the major antiviral IFNs, and can be produced by most cell types, whereas IFN-g is only produced by certain cells of immune system (NK cells, CD4 þ T helper cells, and CD8 þ cytotoxic T cells). Type I IFNs are induced during viral infection by viral-replication products, such as double-stranded (ds)RNA. The secreted IFNs in turn bind to their specific cellular receptors and trigger the intracellular downstream pathway. The main pathway involved is the JAK-STAT pathway which upon activation induces the expression of several IFNstimulated genes. Among them, the most widely studied is the dsRNA-activated serine/threonine protein kinase, known as protein kinase R (PKR) (Katze et al., 2002) . These genes then in turn regulate the antiviral, antiproliferative, and immunoregulatory responses. In addition, IFN also activates the 2 0 , 5 0 -oligoadenylate synthetase -RNaseL pathway to induce apoptosis; this is separated from the PKR pathway.
Given the importance of IFNs in limiting viral infection in vivo, it is not surprising to find that many virus species encode genes to target the IFN/PKR pathway. Adenovirus encodes viral-associated type I RNA (VAI RNA) that blocks PKR signaling (Katze et al., 1987) . Adenoviral mutant with deletion in VAI RNA takes advantage of the defective PKR pathway in Ras-transformed cancer cells and are selective for cancers with activated Ras (Cascallo et al., 2003) . Since oncogenic Ras can induce endogenous PKR inhibitor, the PKR pathway in Ras-transformed cells is genetically blocked, thereby allowing the viral replication of the VAI mutant to proceed, while the lack of VAI RNA makes infected normal cells (in which the PKR pathway is intact) sensitive to IFN-mediated killing.
Herpes viruses utilize several strategies to block the IFN pathway. HSV ICP 0 blocks the JAK-STAT pathway and directly downregulates the level of expression of the IFN-stimulated genes (Mossman and Smiley, 2002) . HSV Us11 is an inhibitor of PKR (Cassady and Gross, 2002) . On the other hand, HSV g 34.5 recruits cellular protein phosphatase 1a (PP1a) to dephosphorylate eukaryotic initiation factor 2, a-subunit (eIF-2a), which is downstream of PKR (Katze et al., 2002) . Of note, recent studies have shown that the modulation of the IFN system by HSV, especially PKR, is the main mechanism for neurovirulence and pathogenesis associated with HSV infection. In addition, HSV also encodes 2 0 ,5 0 -adenosine (A) derivatives to block the 2 0 ,5 0 -oligoadenylate synthetase -RNaseL pathway (Moss et al., 1977) .
Among the genes mentioned above, only g 34.5 mutants have been reported for oncolytic purpose. HSV mutants with deletions in one or both copies of g 34.5 show no sign of neurotoxicity even when given intracranially (Todo et al., 2000; Bennett et al., 2002) . g 34.5 mutants efficiently eradicate tumors in various human tumor-nude mice xenograft systems, and evidence of viral persistence in brain tumors was documented in patients. However, g 34.5 gene deletion also attenuates the virus. The viral yield of g 34.5 mutants (e.g. G207, NV1020, etc.) was at least 10-fold lower than wild-type HSV (Mineta et al., 1995) . This may be attributed to the premature protein synthesis shutoff by activated PKR.
Although no Us11 mutant was reported on oncolytic HSV construct, several publications indicated that the expression of Us11 before the activation of PKR can compensate for the g 34.5 in preventing protein synthesis shut-off (Poppers et al., 2000) . Since the Us11 gene is nonessential for HSV replication, it will be interesting to see if the deletion of both Us11 and g 34.5 has any additional benefit. The other protein, ICP 0, is multifunctional and plays a role in transactivating other HSV Viruses with deletions in antiapoptotic genes T-C Liu and D Kirn genes. ICP 0 deletion mutant showed defective replication in vitro at low multiplicity of infection (MOI), probably due to its multifunctional character (Hagglund and Roizman, 2004) . Therefore, deleting ICP 0 does not seem to be feasible for oncolytic HSV.
As seen with the case of TNF-a, vaccinia virus (and other members of poxvirus) encodes soluble IFN receptors (B8R and B18R) that block the binding of IFNs to their cellular receptors (Alcami and Smith, 1995) . In addition, the vaccinia virus E3L protein can bind to dsRNA (which activates IFN secretion), sequester dsRNA molecules, and also directly inhibit the activation of PKR. The K3L protein encodes a eukaryotic initiation factor 2, a-subunit (eIF-2a) homolog that acts as a psudosubstrate for PKR, thereby blocking the PKR signaling (Carroll et al., 1993) . Other mechanisms are also proposed for the E3L and K3L gene product to antagonize the IFN pathway. Vaccinia vector lacking B8R was shown to be less toxic to immunocompetent and athymic mice (Verardi et al., 2001) . In addition, no concomitant reduction in immunogenicity was observed. On the other hand, the viral yield of B18R mutant in cells pretreated with IFN was significantly reduced (Alcami et al., 2000) . Vaccinia E3L protein, although nonessential for replication in chicken embryo fibroblasts, was found to have a severe impact in viral yield in several other cell lines (Beattie et al., 1996) . Similarly, K3L mutant also showed hostrange restriction (Langland and Jacobs, 2002) , although different from that of the E3L mutant. Interestingly, it has been proposed that both E3L and K3L were adopted by vaccinia to accommodate a broad host range. Therefore, more studies need to be done before incorporating E3L and/or K3L deletion for oncolytic vaccinia design.
Influenza virus utilizes two main mechanisms to block the IFN pathway. It activates the p58 IPK -mediated hostcell stress-response pathway, and uses it against the host cell by directing p58 IPK to block the activation of PKR. In addition, the influenza virus nonstructural protein NS1 is a dsRNA-binding protein that can block the dsRNA-activated IFN expression. NS1 can also interact with PKR and inhibit its kinase function. There are also reports that NS1 can interfere with the IFN-regulatory factors (Zhirnov et al., 2002) . Mutant influenza virus with deletion in NS1 has been shown to replicate in and kill Ras-transformed tumor cells which have deficient PKR pathways (Bergmann et al., 2001; Muster et al., 2004) .
It is worth mentioning that some other virus species actually take advantage of the defective PKR pathway (through Ras transformation) and have been tested for oncolysis. These viruses are all RNA viruses, namely measles, mumps, reovirus, NDV, VSV, poliovirus, among others (Kirn et al., 2001) . At the course of replication, these viruses produce dsRNA that inititates the IFN signaling pathway. Therefore in cancers where the PKR is blocked genetically, the replication of these viruses can proceed while that in normal cells is diminished due to intact PKR. Readers can refer to a recent article for more thorough review (Russell, 2002) .
Viral genes as caspase inhibitors
Poxviruses have evolved several genes that inhibit caspases. Vaccinia virus B13R and B22R gene products show amino acid similarity to serine protease inhibitors (Smith et al., 1989) . B13R can block apoptosis induced by Fas and TNF-a (Kettle et al., 1997) . Caspase-1 (interleukin-1b-converting enzyme), and presumably other caspases, has been shown to be inhibited by B13R protein. B22R presumably has a similar effect. Mutants with deletions in these genes show no difference in viral replication in tissue culture (Kettle et al., 1995) . Although no significant difference in virulence was seen compared to wild-type virus in murine intranasal model, subsequent study showed that virulence was reduced in both athymic and immunocompetent mice (Legrand et al., 2004) . Furthermore, immunogenicity was not reduced by evidence of humoral, T-helper, and cytotoxic T-cell immune responses. However, B13R has a limited distribution among vaccinia strains; it is not detected in Copenhagen, Tian Tan, Lister, and Tashkent strains. In contrast, B22R is expressed in all vaccinia strains tested (Kettle et al., 1995) . Nevertheless, it will be interesting to explore the effect of B13R and B22R in the context of oncolytic virus.
Although it has been proposed that adenovirus E3-14.7kD gene product might play a role in blocking the activity of caspases, only one report showed that the 14.7kD protein interacts with caspase-8, and blocks apoptosis mediated by Fas, FADD, or caspase-8 (Chen et al., 1998) , while other researchers were not able to confirm the finding (McNees and Gooding, 2002) . Therefore, it is still unclear whether E3-14.7kD acts as a direct caspase inhibitor.
Problems and future directions
Exploring new viral gene combinations for deletion Viral antiapoptotic genes are potential candidates for improving the selectivity and potency of oncolytic viruses. Likewise, for viruses containing multiple antiapoptotic genes, deleting more than one of those genes might further improve the selectivity and potency. However, as these genes are often multifunctional, one must weigh between improving selectivity and losing some critical functions. For example, deleting both E1B-55kD and E1B-19kD genes did not improve the potency over E1B-19kD gene deletion in isolation (Kim et al., 2002) . Similarly, an adenoviral mutant with deletions in both E1A-CR2 and E1B-55kD has been reported (Gomez-Manzano et al., 2004) . Although selectivity was moderately improved, no significant improvement in potency and efficacy was noted. It is therefore important to determine if the viral genes of interest bear any other critical function in the course of viral infection. Of note, targeted deletions to knock out the antiapoptotic function, but not desired functions, should be explored. In addition, deletion of antiapoptotic gene(s) with other viral genes that do not attenuate the virus might greatly improve the selectivity as well as potency. For instance, deleting E1B-19kD and E1A-CR2 might show superior effect compared with the single mutants.
Caution must be taken when designing new virus constructs. While deleting more than one antiapoptotic genes might increase the selectivity, a potential disadvantage is the attenuation in potency, even when the deleted viral genes do not possess other major functions. We have shown that adenoviral E1B-19kD(À)/E3B(À) mutant was relatively more selective than E1B-19kD(À)/E3B( þ ) and E1B-19kD( þ )/E3B(À) mutants. However, the antitumoral potency was largely reduced compared to the E1B-19kD(À)/E3B( þ ) mutant. Similarly, E3B(À) mutant showed reduced persistence in vivo believed to be due to reduced TNF-a antagonism which led to enhanced viral clearance (Liu et al., in press ). On the other hand, in a mouse pneumonia model, E3B(À) mutant was shown to induce more significant inflammatory response than single E3B component (RID, E3-14.7kD) mutants. Similarly, deleting genes that interfere with both TNF-and IFN-mediated apoptosis pathways might increase the selectivity, but it is also likely that the virus will be cleared more rapidly. Thus, more preclinical studies should be done to maximize the potency and selectivity. Of note, the use of immunocompetent tumor models is critical in examining the effect of these mutants as these genes often play a role in immunomodulation .
Cell type specificity?
This also raises another important question: are tumor cells infected with multimutated viruses (or indeed, any of those single antiapoptotic gene-deleted mutants) more sensitive to apoptosis? While targeting only one player in a particular apoptosis pathway is probably not efficient enough to drive the infected cells to apoptosis, there are possibilities that some of the cell types might become more sensitive. Since tumors have various mechanisms blocking the apoptosis pathways, it is likely that defect in apoptosis pathways in some tumor types will complement replication of these mutant viruses, thereby supporting viral replication and spread, whereas other cell types might not be complementing. In fact, although most tumor cells infected with these mutants did not become more apoptosis-prone, some publications have identified a number of cells that do (White et al., 1992; Sauthoff et al., 2000) . It seems likely that there are two main types of cells that respond differently to these mutants (Figure 3 ): the first type of cells (type I cells) are not affected in the apoptosis process. Therefore, replication-induced viral oncolysis is the major mechanism of cell death (necrosis-predominant). In contrast, in the second type of cells (type II cells) that become more apoptosis-prone upon infection, the mechanism antagonizing the apoptosis process is largely attenuated, and therefore more infected cells are killed due to infection-related apoptosis while less are killed through replication-mediated oncolysis (apoptosis-predominant). This will presumably be more evident when another apoptosis-inducing mechanism is induced (e.g. chemotherapy or apoptosis-inducing transgenes expression). Although type I cells are the ones that will support the replication of these oncolytic viruses better, type II cells can still be killed by these viruses, although through a different mechanism. Detailed molecular analysis on the defect of apoptosis pathways in each different tumor will help to predict the fate of the tumor receiving this type of treatment. Nevertheless, despite the low degree of viral replication and spread in type II cells, it is expected that patients with type II cancers can still benefit from these viruses.
Combination with standard and alternative therapeutics
Standard cancer gene therapy development strategy includes the combination of gene therapy with chemo-/ Figure 3 The fate of tumor cells infected with antiapoptotic genes-deleted oncolytic viruses. In type I cells, no defect in apoptosis pathway is complemented/restored, and viral replication proceeds. In type II cells, the apoptosis pathway is complemented by sensitization (due to virus infection and/or administration of apoptosis-inducing agents) and a simultaneous lack of antiapoptotic genes Viruses with deletions in antiapoptotic genes T-C Liu and D Kirn radio-therapeutic agents. Most of these agents, however, induce apoptosis. Since chemotherapeutic agents act on a wide variety of targets in apoptosis pathway, combining antiapoptotic genes-deleted oncolytic viruses with these agents will theoretically enhance the antitumoral efficacy. However, to maximize viral oncolysis and tumor apoptosis, the administration dosage and route need to be optimized for each agent, since rapid apoptosis induction might limit viral replication and spread. Other therapeutics such as antiangiogenesis or small molecules that target specific oncogenic pathways (e.g. Ras inhibitors, EGFR antagonists) will also be good candidates for combination treatment since they have distinct mechanisms of action without crossresistance. In addition, these viruses can also be armed with therapeutic transgenes and further enhance the selectivity and potency.
In summary, deleting antiapoptotic genes in oncolytic viruses is an appealing approach which can lead to enhanced selectivity and/or potency. Future work exploring the genetic determinants for susceptibility to these mutants and incorporation of these mutations into multimutated viral mutants will help to improve the design of oncolytic viruses.
